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One of the most exciting proposals to emerge from the study of high-T. superconductors is that
Landau’s Fermi liquid theory (FLT) breaks down in the metallic state above Tc [1]. This would
have profound implications, since FLT provides the foundation for our current understanding of
metals, together with systems as diverse as liquid 3He and nuclear matter [2]. Evidence for its
breakdown in high-Tc superconductors comes from a variety of experiments, including
photoemission, electrical transport, and optics [3]. More recently similar evidence has been found
in other compounds [4]. Here we show that the complex optical conductivity 6(®, T) of one such
material, the ferromagnetic metal SrRuOs [5-8], behaves according to a remarkably simple
power-law form, which deviates sharply from the prediction of FLT. This observation provides
valuable insight into the nature of charge scattering in unconventional metals.

Infrared reflectivity studies indicate that both high-T: superconductors and SrRuOs exhibit
conductivity with an anomalous power-law dependence on frequency, 61(®) ~ & , with ot ~ 0.5
for STRuOs [8] and o ~ 0.7 in the high-Tc materials [9,10]. The Drude form yields ¢; ~ o at
comparable frequencies. If FLT is valid, the conductivity in excess of Drude must be identified
with interband transitions or the incoherent component of the spectrum, and there must be a
crossover at lower frequency to the renormalized Drude conductivity [11,12].

Recently, Ioffe and Millis suggested that the entire conductivity spectrum of the high-7- materials
could be understood as a single component, rather than two, as in FLT [13]. The spectrum they
derived was generalized by van der Marel [14]. We find that o(®w, 7) of SrRuOs at low
temperature is described well by this equation over nearly three decades in ® (6-2400 cm™) with
o ~ 0.4, in strong disagreement with FLT. Our results at frequencies below 100 cm” were
obtained from transmission measurements on thin film samples of SrRuO3 grown epitaxially on
NdGaOs substrates [20,21]. To probe the region where ® ~ 1/t, we used conventional Fourier-
transform infrared spectroscopy at ALS Beamline 1.4.2 to measure the transmittance (T). For the
range ® << 1/, we used time-domain terahertz spectroscopy (TDTHz) to measure the complex
transmission amplitude #(®,7) in the millimeter wave region of the spectrum. At frequencies
above 100 cm'l, we measure the reflectivity from a thick film of SrRuOs deposited on a SrTiO3
substrate [8]. We have derived o(mw, T) from each of these measurements.

Using TDTHz spectroscopy, we obtained both the amplitude and the phase of the complex
conductivity as a function of temperature and frequency, which we show in Fig. 1 for our most
thoroughly studied SrRuOs film. Also shown are the results of the best fit with o0 = 0.4.

We develop this analysis further in Fig. 2, which shows a logarithmic plot of the conductivity
amplitude at our lowest frequency, ®1/21 = 0.2 THz, versus [t(T;0)]%, with T in femtoseconds.
The plot is parametric in temperature for several different values of o. The best fit to this slope is

"This work appeared in Phys. Rev. Lett. 85, 4932 (2000).



obtained for o0 = 0.4, and already at oo = 0.6 a
clear deviation is observed. At higher values

of o the slope decreases yet further, so the "_g 20
case o = 1 corresponding to Drude &
conductivity requires A to increase strongly ‘:’o_; 1ol
with temperature. Thus, oo = 0.4 = 0.1 provides =
not only the best fit, but also the most compact %

description of the data.

In Fig. 3 we show o(w, T) of StRuOs over two
and a half decades in frequency, obtained in

O
three separate measurements. Data in the %
lowest frequency range is taken from TDTHz 'S
measurements at the same four representative 3
temperatures shown in Fig. 1, and extends
from 6 - 36 cm'. In the intermediate
frequency range 26 - 80 cm™, we have 0

measured T, which is a real quantity and
therefore incapable of providing the complex
conductivity without further analysis. The
continuity of the results at the crossover
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FIG. 1. Measured amplitude (upper panel) and phase (lower
panel) of o(w, 7) in SrRuO; at four representative
temperatures:
to the data with oo = 0.4. The inset shows the reduced *

T =8 K; 40 K; 60 K; and 80 K. Lines are fits

frequency of these two distinct measurements error associated with the phase (solid line) and amplitude
may be taken as an indication of the high (dashed line) fits, as a function of o.

accuracy with which we have determined the
conductivity. At frequencies probed by infrared
reflectivity, the conductivity is relatively temperature
independent below 100 K, and we show only one
measurement taken at 40 K [8].

The dotted lines in Fig. 3 show the conductivity
calculated using the parameters obtained from TDTHz.
With a single global parameter A and a single
temperature-

dependent para-
meter T(7T), this
model fits the
data exceptional-
ly well, at fre-
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FIG. 2. Logarithmic plot demonstrating the
scaling relation-ship of o(®, 7).
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quencies 2 orders of magnitude higher than those at
which the parameters were obtained. As we increase the
temperature above 95 K, both our measurements and
earlier reflectivity measurements begin to deviate from
the form discussed here, and develop a pseudogap
structure which may be related to the transition from
ferromagnetism to paramagnetism [8].

FIG. 3. Logarithmic plot of the conductivity obtained by three methods, in three ranges of frequency. The
conductivity obtained from the infrared reflectivity at 40 K is indicated by the long dashed line. Results from far-
infrared transmission measurements, as described in the text, are indicated by solid lines, and TDTHz
measurements by short dashed lines, with both sets ordered in temperature from top to bottom with T = 8, 40, 60,

and 80 K.



As shown in Fig. 3, 1/1 sets the frequency scale at which the @ * divergence is cut off, forcing o,
o< 1% in the dc limit. Thus the ubiquitous practice of inferring scattering times from electrical
transport via Odc ~T is erroneous whenever the conductivity behaves as Eq. (1) with o # 1. The
resistivity of StTRuQOs for 25 < T < 120 K exhibits approximately linear temperature dependence,
which then crosses over at lower temperatures to become constant as impurity scattering
dominates [7]. In our analysis, this implies a scattering rate with at least a quadratic dependence
on temperature.

While evidence for a low-temperature Fermi liquid state in StTRuO3 has been provided by the
observation of Shubnikhov—de Haas oscillations, with amplitudes that display the temperature
dependence of a Fermi liquid [22], the measurements presented here indicate that this behavior
breaks down at much lower energies than would be predicted by conventional FLT. The origin of
this fragility, the nature of the low energy scale To which appears to set a crossover scale, and the
way such behavior may coexist with the manifestly non-Fermi liquid conductivity form of Eq. (1)
remain important open questions raised by these measurements.

In summary, we have studied in detail the complex conductivity of SrRuOs at low frequencies
and temperatures, and shown that it agrees well with a simple phenomenological form. The
difference between o = 0.4 observed here and the Drude form expected from FLT, with a0 = 1,is
reflected in the interpretation of T, one of the fundamental parameters in the transport theory of
metals.
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